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1. INTROUCTION

The purpose of this brief report is to describe

the various experimental techniques which are utilized to

measure the fundamental properties of the fuels in the

Physics of Flames research program at Princeton. Much of

the material presented herein has been accumulated over the

past two years and generally has not been documented else-

where (except for brief references to the work in the

Monthly Progress Reports (Technical) to the U. S. Army,

Ballistic Research Laboratories (Aberdeen), the sponsor of

the overall research effort).

The fuel properties which are known to effect the

flame spreading rate (1,2*) and which are included in this

report are: surface tension, vapor pressure, flash point

and viscosity. (The bulk thermal expansion coefficient is

not included in the measurements.) Much of the data which

have been obtained to date are included in this report.

Whenever possible these data are compared with existing

literature values. In several instances measurements were

taken with n-decane and n-decane which had been thickened

(to any desired degree) with very small percentages of poly-

isobutylene. Comparisons are made between these data.

Numbers in parentheses refer to the references at the end
of this report.
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The most important guiding principles which were

used in the selection of the measurement techniques are (not

necessarily in order of importance):

1. simplicity of operation
2. accuracy
3. precision
4. adaptability to operation in a controlled

temperature water bath

The last item is considered important to the program in effect

and is the reason for eliminating many measurement techniques

from serious consideration. The water bath used in these ex-

periments consisted of an approximately 7 gallon cylindrical

glass jar with an open top. The water, which was stirred

constantly, was heated with a 1000 watt electric heater, and

the temperature was controlled to better than + %°C with a

mercury column thermostat.

II. SURFACE TENSION

In this report, the negligible difference between

the surface tension of a liquid at an air interface and at a

vapor interface is neglected. The most common methods of

measuring surface tension depend on one of the following:

the torce required to tear a wetted ring from a surface, the

size of drops of a liquid flowing from a capillary, the vapor

pressure of small droplets, the oscillations in suspended

drops, the bubble pressure and the rise of a liquid in a



capillary tube (3). In general, the zn! z-. last tech-

niques, namely, the wetted ring and the capillary rise

methods are the simplest and are capable of high accuracy

and precision (within about one per cent). However, the

capillary rise instrument can be immersed in a constant

temperature bath (in contrast to the wetted ring method);

furthermore, the technique is quick and the apparatus is

easy to calibrate.

The particular capillary rise apparatus selected

was a Fisher Catalong Number 14-817 (Ref. 4). The principle

of operation is described in Reference 3. The assumption

was made that the contact angle 0 between the liquid and the

capillary wall was zero. Calibration was accomplished by

utilizing liquids whose surface tensions are known, measuring

the heights of the capillary rise and solving for the capillary

bore radius. Using reagent trade acetone, hexane, methanol,

carbon tetrachloride and n-decane at 20°C the bore radius was

found to be .0196 cm (using 980 cm/sec 2 as the acceleration

due to gravity). It is interesting to note that when dis-

tilled water was used to calibrate the instrument the bore

radius was found to be .0191 cm. This repeatable difference

probably was caused by the relatively large difference be-

tween the surface tez-.ion of water (about 70 dynes/cm) and

the other six organic liquids (about 18 to 27 dynes/cm) and

by the assumption that e was zero.
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The accuracy and precision of the capillary rise

surface tensiometer are very strongly dependent upon two

factors, namely, the cleanliness of the bore (through the

ability of the liquid to wet the surface) and the reading

of the capillary rise with the associated meniscuses. The

cleaning procedure and the standardized method of reading

the meniscuses are presented in Appendix B.

The surface tensions of n-decane (viscosity, 0.92

centipoise at 200C) and thickened n-decane (viscosity, 64.8

centipoise at 200C) were measured at 20, 30, 40, and 500C.

The data , shown in Pigure 1, are identical, and more im-

portantly, from the point of view of a model of the flame

spreading process (1), d -/dT (the rate of change of the

surface tension with temperature) is unchanged. The measured

values of surface tension of n-decane agree well with the

literature. Summarizing, the surface tension (and d0/dT

of n-decane is unaffected by the presence of a thickening

agent.

Another important aspect of the surface tension

measurements concerns the possible effect of surface tension

agents (surfactants) on the surface tension of n-decane. In

this regard, the Armour Industrial chcmical Company (5)

reported that, btcause the surface ten i1ons of hydrocarbons

* Each datum poi.nt represents the average of at least three
trials.



are quite low, it is difficult to find an agentWi reduce

the surface tensions further. (Armour had no additives to

alter da-/dT and noted that this is an industry-wide prob-

lem). For trial purposes the following twelve chemicals

were supplied by Armour:

Aromox C/12-50% Ethomeen 18/12
Aromox DMC-40% Arquad ZC-75
Aromox DMHT-40% Arquad ZHT-75
Aromox 18/12-50% Arquad ZS-75
Ethomeen C/12 Kessco Isopropylmyristate
Ethomeen T/12 Kessco Isopropylpalmitate

At the suggestion of Armour, approximately 1% of each of

these possible agents was added to n-decane. None had any

measurable influence on the surface tension.

More recently, the 3M Corporation provided these

laboratories with a new surfactant which is still in the

research stage and not available in large quantities commercially.

This surfactant is a fluorinated hydrocarbon and has the 3M

Corporation designation FC176. An addition of approximately

1.32% of this compound in n-decane reduces the surface

tension of n-decane from 24 dynes/cm to 19 dynes/cm at 200 C.

Moreover, FC176 altered the dO'/dT of n-decane. These

results are shown in Figure 1A.
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III. VAPOR PRESSUP

There are a surprisingly large number of available

methods for determining the vapor pressure of a liquid. Gen-

erally, they may be divided into two broad classes, namely,

the static and dynamic methods (6). The dynamic methods are

usually more complex, but have the distinct advantage over

the static methods in that they are continuous flowing; thus,

the air which is dissolved in the test liquid can be removed

easily prior to the taking of the data. The outgassing of

dissolved air from the test liquid can introduce significant

errors when measurements are being made in the vicinity of a

few torr pressure.

The static, classic isoteniscope method of the

Smith and Menzies type (7) was selected for the measurements

with n-decane and thickened n-decane. Some diffficulty was

encountered in removing the dissolved air from the n-decane

in the instrument. Probably as a result of this, the data

had more scatter than desired, and since the operating range

was from about 1 to 10 torr, a dynamic method (e.g., Ramsay

and Young method (6)) would probably have been a better

choice. The data for n-decane and thickened n-decane are
.

shown in Figure 2*.

Each datum point represents a single trial.
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As may be noted from the data in Figure 2, the

vapor pressure of thickened n-decane does not appear to

differ in a consistent manner from that of pure n-decane.

Also, the data scatter amounts to about + 10%, which is

large. The scatter cannot be attributed entirely to

dissolved air in the liquid, for this would cause the data

to be higher than literature values. Linder (9) has noted

though that the literature values of the vapor pressure may

be high due to dissolved air.

IV. FLASH POINT

The flash point temperature of a liquid fuel has

a significance which is somewhat distinct from the other

properties of a fuel in that the flash point is often used

for government regulatory purposes, particularly in the

commercial shipping of fuels. Perhaps more importantly, the

flash point is defined rather arbitrarily in comparison to

other fuel properties, and the definition is dependent upon

the apparatus utilized to measure it.

The Tag open-cup flash point apparatus was se-

lected for use in this laboratory. The apparatus and the

measurement technique conform to the AST14 (American Society

for Testing and Materials) Designation D-1310-67 (Ref. 10).

The apparatus was similar to a Fisher Catalog Number 13-512-1V2

(Ref. 11).
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Most of the operating procedure for the Tag

open-cup tester is straightforward. Extra precaution must

be exercised to prevent drafts in the room. Also, the pre-

scribed heating rate can be maintained only after some trial

and error practice. The instrument was calibrated according

to the ASTM specification using p-Xylene. The correction

factor was found to be + 10C.

The flash point of pure n-decane (viscosity, 0.92

centipoise at 200C) was found to be 56 0 C. The flash point

of thickened n-decane (viscosity, 43.8 centipoise at 20 0 C)

was found to be 55 0 C. According to the ASM specification,

these two temperatures are not distinguishable.

Thus, the flash points of pure and thickened

n-decane are essentially the same. The only literature

value of the flash point of aL-decane is 460C for a closed-

cup tester. This value, which is reported extensively (12)

but apparently not referenced to any investigator, is con-

sistent with the value of 560 C in that closed-cup values

are usualli, lower than open-cup values.

Although the determination of the fire point is

not specified for the Tag open-cup tester 1 and is rather

difficult to carry out, some measurements were accomplished.

It was determined that the fire point of pure n-decane is

about 50 C above the flash point and this is to be expected.

The fire point is defined for the Cleveland open-cup
tester. However, this tester is not the proper one for
the flash point range of n-decane.
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It is interesting to note that in the case of

n-butanol the measured flash point was identical to the

measured fire point in all of the runs, (within the resolu-

tion of the instrument or 10C) with an average value of

43°C, The reason for the close agreement between the two

points probably is due to its low heat of vaporization. It

may be noted that consistent with this result, the flame

spreads across a n-butanol surface in a steady manner with

a steady flame front. This steady propagation should occur

when the flash point is close to the fire point. In con-

trast to this, the flame spreading across n-decane was ob-

served to be nonsteady; the existence of a precursor flame

(1) has been attributed to the difference between the flash

and fire points.

v. VISCOSITY

A number of different methods exist for measuring

the absolute viscosity (p.})or the dynamic viscosity () )

of liquids. These include the Saybolt, Zahn, Falling Ball,

Stormer (both cylindrical rotor and paddle rotor) in the

case of absolute viscosity and the Ubbelonde and Cannon-Fenake

in the case of kinematic viscosity (3). In a manner similar

to the flash point, the measurement of viscosity is closely

related to ASTM standards (ASTM Designation No. D445).
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Relatively early in the research program, a

number of measurements were taken with a student falling

ball viscosimeter. This instrument later proved to be in-

accurate and its use was discontinued. The bulk of the

viscosity measurements were taken with AST4 approved and

calibrated Ubbelohde viscosimeter tubes which were ob-

tained from Scientific Glass Apparatus, Catalog No. V-7050

(Ref. 13). These tubes, which are made with various

capillary bore diameters to accommodate specific viscosity

ranges, were suspended in the constant temperature water

bath,

The viscosity data for pure n-decane and thickened

n-decane are shown in Figure 3, along with the literature

values (see Appendix A). The data for n-decane were ob-

tained with two different calibrated Ub! elohde viscosimeters

on the two different dates. Some of the data scatter

probably can be attributed to not maintaining the viscosi-

meters in an absolutely vertical direction; the water currents

created by the stirring motor tend to make this a difficult

task.

• Each datum point represents the average of at least two
trials.
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VI. FLAME SPREADING

The velocity of flame spread over liquid fuels is

highly dependent on the laboratory conditions under which

the measurements are made. Because of this, well defined

initial conditions are essential in order to give data which

can be meaningfully correlated. As a direct result of an

extensive series of tests carried out at Princeton, the con-

ditions and procedures necessary to give flame spreading

data have been defined. The choices made are described below.
SC APP ARATUS REQUIREMENTS

Bol. Test Cell

The test cell should be a room sufficiently large

to perform the burning tests. (25 foot long by 9 feet wide

by 11 feet high has been adequate at Princeton). Flammable

material should be absent from the test cell (i.e., a wooden

building is considered totally unsuitable).

The test cell should be fitted with an exhaust fan

in order that the room can be ventilated after each run.

Other requirements of the room are that it should

have adequate temperature control (i.e., a heater and perhaps

an air conditioner) and it should have a water supply.

B.2 The Experiment Table

A table on which to perform the flame spreading

experiments in essentiall this should b2 constructed of non-

flammable material (metal). A top size of approximately

8 ft. by 4 ft. has been found adequate.
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B.3. The Trays

Extensive testing at Princeton has indicated

that the ideal size of the fuel container is 72 inches long

by 8 inches wide. When the wall material is glass (or

metal lined with glass), heat losses from the fuel are

unimportant in this size tray.

Pyrex glass can be supplied to order from:

F. J. Gray & Co.
182 S. Portland Ave.
Brooklyn, New York

and the sheet Pyrex can be bonded together using Epoxy resin.

Alternatively the fuel tray can be fabricated

from 1/16" aluminum and the long walls lined inside with

plate glass (1/10" thick is adequate). It has been found

convenient to clip the glass in position (using aluminum

clips). The aluminum trays have a much longer lifetime

than the Pyrex trays and are preferred for this reason.

However, the glass liners do break and have to be replaced

periodically.

A drainage hole should be provided for rapid

emptying of the tray after use.

B.4. Ignition Systems

Research at Princeton has indicated that fuels

below their flash point cannot be ignited by merely applying

a source of energy (such as a propane torch) and that the

use of wicks is not a satisfactory method of ignition.
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Two different modes of ignition have been used

at Princeton; both are equally corvenient. The first uses

an aluminum barrier to segment a smll (approx. 2-3 cm wide)

section at the end of the tray which is ignited with a

Bernz-O-Matic propane torch. ,hen the flame is fully

established in this section, the barrier is removed and the

flame is allowed to spread.

In the second mode of ignition, a small volume

(approx. 1 cc) of a volatile fuel, usually hexane, is poured

onto the fuel at one end of the tray and is spark ignited.

These two methods give excellent agreement, pro-

vided, of course, the measurements of the flame spreading

velocity are sufficiently downstream ( - 14 inches) to be

unaffected by the ignition process. (See Run Procedure later.)

B.5. Extinguishment System

By far the most convenient method of extinguishment

is to cover the fuel (and flames) with a non-flammable board

('Transite' Sheet has been used at Princeton) and, hence,

cut off the supply of oxygen. Manual manipulation of these

"snuffer boards has been found satisfactory in work at

Princeton.

Of course, elementary fire precautions require that

fire extinguishers should be close at hand in case of accident.

(It should also be notad here that the use of fire extinguishers

directly on uncovered, and relatively large, areas of burning
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fuel is not a good method of extinguishment since it serves

only to "blow" the burning fxel throughout the test area).

B.6. Instrumentation

The basic instrumentation required to measure the

flame spreading velocities is very simple since all that is

required is instantaneous knowledge of the position of the

flame and the time. A stopwatch and a scale is all that is

required theoretically, but it has been found in practice

that the flame spreading velocities measured in this manner

are quite variable (up to + 10% scatter of results).

A better method is that which has been developed

at Princeton. This employs a series of photo-transistors

(L14B) which are set at known positions along the length cf

the tray, and the outputs from which are displayed on a

Visicorder. (The prints for construction of the flame de-

tector assembly are included with this report.)

A secondary system using a movie camera to record

the progress of the flame along the length of the tray could

also be considered. This has the advantage that it also

gives a record of the flame height, but has the marked dis-

advantage that it is very time consuming to obtain the data

from the filmed record.

B.7. Miscellaneous

A certain amount of miscellaneous apparatus is

necessary.
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(a) Carbon diox.ide fire extinguishers.

(b) Flame-proof coats - for the protection of the

operator.

(c) Breathing apparatus - either compressed air

supply or a filtration system (gas-mask-type).

This is required for working ia the smoke

filled test area.

(d) Thermostatted water bath - this is required

to control the temperature of the fuel (and

water if the fuel is floated on a layer of

water). This requires a large volume tank

(a 30 gallons), a heating element, a tempera-

ture control unit and a stirrer.

(e) Graduated measuring cylinders - to measure the

exact quantities of fuel (and water) required

for each run.

(f) Thermometers - to measure the fuel temperature

and the ambient air temperature.

B0 -§ADARDI MED RUN PROCEDURE

The pamphlet, "Operating and Safety Procedures for

the Flame Spreading Apparatus"* July 1969 is included with

this report. All of the procedures will not be relevant to

operations other than at Princeton and also some of the pre-

cautions necessary to obtain reproducible data are not

mentioned explicitly and these are given below.

Appendix C
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(a) Exact control of the initial conditions of

each test (fuel temperature and fuel depth'

is essential in order to give reproducible

results. It is also necessary to repeat

each run two or three times and take mean

values in order to minimize the errors.

(b) Both the barrier/propane torch and the hexane/

spark ignition methods perturb the flame

spreading velocity in the early moments of

flame spread. For this reason the first

measurement on the flame should be at least

35 cm (14 inches) downstream of the ignition

end of the tray, (i.e., if the photo-transistor

method is used to measure flame spreading

velocity, the first detector must be at least

14 inches from the ignition end).

(c) Flame spreading is not a totally steady process.

but more an oscillatory motion about a steady

velocity. For this reason the measured value

of flame spreading velocity is more accurate

the further apart the measuring stations are

positioned. It is suggested that the pboto-

transistors are at least 100 cm. apart to give

the most accurate results.
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D. PROGRAM OF TESTS

The suggested program of tests is to measure the

flame spreading velocity of commercial fuels over a range

of temperatures (ambient temperature to the flash tempera-

ture) and over a range of fuel depths (the smallest depth

that will support a propagating flame to 50 mm deep layer).
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APPENDIX A: Some Phsical and Chemical Properties of n-Decene

Sources: 1. API Technical Data Book-Petroleum Re f:Lning,
American Petroleum Institute, 1966

2. Other sources (as noted)

Formula: Ci1 22

Molecular Weight: 142.276

Boiling Point (at 1 atm): 174.120C.

Fusion Point (in air at 1 atm): -29.660C

Note: There are 75 isomers of C1042 2 , the lowest
boiling point As 147°C; the highest boiling
point is 169.7 C.

Density of the Liquid: See Figure 4

Density of the Gas: (Note: The density of the gas may be
calculated at any given temperature and pressure using
a procedure outlined on page 6-53 of the APi, Technical
Data Book-Petroleum Refining, American Petroleum
Institute (1966).

Absolute Viscosity of the Liquid: See Figure 5

Surface Tension (with air): See Figure 4

Specific Beat of the Liquid: See Figure 6

Specific Heat of the Gas: See Figure 6

Note: The specific heat of the gas can be calculated
at any given temperature and pressure using a
procedure outlined on page 7-155 of the AP1
Technical Data Book-Petroleum Refining, American
Petroleum Institute (1966).

Thermal Conductivity of the Liquid: See Figure 7

Thermal Conductivity of the Gas: See Figure 7

Heat of Vaporization: See Figure 6
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Beat of Formation of the Liquid (at 250 C): -80 kcal/mole

Heat of Formation of the Gas (at 250C): -59.6 kcal/mole

Free Energy of Fomation of the Liquid (at 250O) 4.13 kcal/mole

Free Energy of Formation of the Gas (at 25 0 C): 7.94 kcai./mole

Heat of Combustion of the Liquid at Constant Presaure (at 250 C)

Gross: 1620 kcal/mole or 11,387 cal/gm
Net: 1504 kcal/mole or 10,573 cal/gm
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APPENDIX B: Procedure for Cleaning Glassware

All glassware was soaked overnight in a 50-50

mixure of 20% sulfuric acid and 20% nitric acid solution,

and rinsed with distilled water and finally dried with dry

N2 * Once cleaned in this manner it was only necessary to

rinse with acetone and dry with N2 when changing samples or

when changing from one organic liquid to another. The acid

cleaning was only necessary when changing from an organic

liquid to water or vice versa.

Procedure for Reading Meniscuses

The Fisher surface tensiometer is equipped ith a

millimeter scale which is affixed to the glass capillary tube.

The top meniscus was read with little difficulty using the

bottom of this meniscus. The lower meniscus in the reservoir

(in which the capillary tube is immersed) was somewhat more

difficult to read; however, the following procedure was

standardized.

When viewed from below the relatively large
reservoir surface reflects light. By raising one's
eyes in a vertical direction the angle at which the
surface is viewed gradually decreases until the eye
level is reached such that the reflection is zero.
At this height, the eye is in perfect alignment with
the level reservoir surface and the reading on the
millimeter scale may be made. Using this procedure,
measurement errors of less than 1% were accomplished.
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APPENDIX C: Operating and Safety Procedures for the Flame
Spreading Apparatus

I. General Precautions

1. Safety glasses and a fire-proof (orange) lab coat are

to be worn during all operations where heated fuel,

fire or pressures are involved.

2. Air filter masks (2) and compressed air breathing masks

(2) are available and should be used when deemed

necessary for the experiment. For this purpose, any

area of fuel to be burned greater than 288 square

inches (48 inches by 6 inches) is considered to give

hazardous breathing conditions and breathing equipment

MUST be used by the experimenters.

3. There must be at least one person in the vicinity (i.e.,

in the test cell building) during all operations

specified iii section (1) above. In addition, two

operators must be in the test cell when fuel areas

greater than 288 sq. inches are to be burned.

4. All volatile fuels (i.e., with flash point below 900F)

must be reiaoved from the burning area before any flame

spreading experiments are conducted.

These procedures were prepared by R. macKinven and
A. Bozowski and approved by A. Beach for the
Guggenheim Laboratories Safety BoaT~d.
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5. All fuels except those to be burned within 24 hours

are to be stored in the FUEL STORAGE SHED.

6. The safety-trash-can is to be emptied into the 'BURNABLE

BIN' each morning before 8:30 A.M. Oily rags (which

are deemed to be particularly hazardous) should not

be left in the test area, but should be laid over the

edge of the waste basket outside the cell.

7. The flashing warning lights must be in operation when

fuel is being burned.

8. No fuel should be burned without first checking the

Handbook values of flash point and toxicity. Flash

points below 909F are deemed hazardo s for experimental

purposes.

11. Start-U Procedure

1. Switch on heater/cooler and stirrer in temperature

controlled water bath first thing in th'_ morning.

2. Switch on electronic counter and reset to zero. Switch

on circulating fan.

3. Immerse the required volume of the required fuel in

the temperature controlled water bath (at TO0 C) to

equilibrate the fuel exactly to the required temperature.

4. 07.nse the tray required for the test with water (at

T °C), dry and align in front of the phototransistor

detector unit.

5. Check the air temperature aDd make any aecessary changes
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with the heaters or the air conditioners. Check

th temperature of the tray by placing a thermometer

in it for five minutes.

III. Run Procedure

1. If the fuel is to be floated on water, measure out

the required volume of water (at TO °C).

2. Check the temperature of the water and pour into the

tray.

3. Switch off circulating fan and heating or air con-

ditioning and allow the air currents to die away.

4. Remove fuel from temperature controlled water bath,

check temperature and pour into the tray.

5. Refill measuring cylinder with the required volume

of the required fuel in readiness for the next run

and immerse in the constant temperature water bath.

(This also allows time for the currents in the fuel

which has been poured into the tray to die away].

6. Refill water bath to the mark.

7. Check the temperature of the fluid in the pan.

8. Close all doors and turn on the flashing yellow

warning lights.

9. Check air temperature.

10. Ignite the pool of fuel, caused by immersing the

appropriate metal barrier one inch from the right

hand end of the tray, with the Bernz-0-Matic torch.

(an orange fire-proof coat MUST be worn).
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11. Allow the pool to become fully ignited and then lift

the barrier and allow the flame to propagate.

12. Shut off torch and place in area away from fuels or

rags whilst the torch flame dies away.

[N.B. Ignition may also be accomplished by placing a

small amount of hexane at the end of the tray and

lighting it with the spark ignitor.]

13. Extinguish the fire, after all the required observa-

tions have been made, by placing the "smother boards"

directly on the tray.

14. Switch on the circulating fan and the extractor fan

(and the air conditioning, if necessary), open

external door and switch off warning lights.

15. Empty the burned fuel and water into the collecting

jar and rinse tray with water at To °C.

16. Dry the tray.

17. Transfer all data from the run into the l bcto-

notebook.

18. Switch off extractor fan and close external door.

19. Repeat operations (1) through (18) for the next run.

IV. Emergency Procedures

1. Three CO2 fire extinguishers are located inside the

test cell for rapid fire extinguishment. Three more

CO2 fire extinguishers are located just outside the

cell door.
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2. Should burning fuel be splashed on the lab coat, the

coat should be quickly abandoned or if this is im-

possible, the overhead shower or fire blanket, both

located in the cell, should be used to extinguish

the fire.

3. Sunmon help with short, quick blasts on the siren.

V. Shut-down Procedures

1. After completing the desired number of runs, fill

the water tank.

2. The thermostat should be set and the circulating fan

switched on to maintain the required room air tempera-

ture overnight.

3. Bring sufficient fuel from the storage shed for the

runs which are projected to be completed the next day.

4. Switch off all apparatus not mentioned above, close

the door and switch off the lights.

VI. Fuel Retention

1. Expensive fuels are to be retained and processed for

further use. The fuels are separated from the water

by devanting or siphoning. The contaminated fuel is

then distilled and the appropriate boiling fMaotion

stored for future use.
2n

2. Care should be taken in order not to waste fuelo
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